Many d
10 transition metal (TM) pyrazolate (Pz) trimers (cyclo-[TM(μ-Pz)] 3 ) have been synthesized with various organic substituents on the pyrazolate ligands. 12, 15 In collaboration with Omary's group, our own group has researched luminescence properties for cyclo-[TM(μ-Pz)] 3 trimers (where TM = Ag, Au, Cu) with -CF 3 substituents on pyrazolate ligands. 7 It has been demonstrated via a combination of experiment and modeling that cyclo-[Au(μ-Pz)] 3 ( Figure 1 ) is among the most π-basic of this family of coinage metal trimers. The π-acidity and π-basicity was assessed using molecular electrostatic potentials (MEPs), HOMO (highest occupied molecular orbital) and LUMO (lowest unoccupied molecular orbital) energies, positive charge attraction energies, and so forth. The simulations revealed that cyclo-[Au(μ-Pz)] 3 trimers act as good π-bases and so should be good models for p-type conductors in molecular electronics. 16 For example, we recently reported the synthesis, characterization and computational modeling of stacked trimers, [Ag(μ-Tz-(n-C 3 F 7 ) 2 )] 3 3 [Au(μ-Pz-(i-C 3 H 7 ) 2 )] 3 (Tz = triazolate), where the cyclo-[Au(μ-Pz)] 3 donor is a p-type conductor in a p-n blended material. 17 In addition, cyclo-[Au(μ-Pz)] 3 complexes have also been used in applications that exploit their catalytic redox activity, metallomesogenic character, and photonic properties. 18 Ref 12 summarizes gold(I) pyrazolate complexes.
In electronic devices, source and drain electrodes are usually metals and are important components in determining the performance of a device. 19 Several metals have been tested or used as electrodes in electronic devices depending upon the type of conducting material, surrounding environment, surface chemistry with interacting materials and most importantly the right work function. Source and drain contacts are critical for effective charge transfer in electronic devices. In OLEDs, electrons and holes are injected from metal contacts into an organic or organometallic material where they subsequently recombine to emit light. Selection of metals with appropriate work functions is These combinations of observations suggest that, for these metal-based, p-type conductors will form stable interfaces with good electron transfer with typical source/drain electrode metals.
The Journal of Physical Chemistry C ARTICLE thus essential to avoid any barrier between the contacts that can impede the flow of charge in the device. 20 As the channel length decreases, the contact resistance between the source/drain electrodes and the semiconductor becomes increasingly important to device performance. 21 Hence, understanding the geometric and electronic properties of the contacts and their dependence on electrode materials has become increasingly important for processing organic semiconductors as researchers seek to go from molecular level control of properties to a realworld device fabrication perspective.
In this article, the interaction of different electrode metal atoms (M 0 ) with cyclo-[Au(μ-Pz)] 3 trimer(T) (Figure 1 ) is modeled. These electrode metals were chosen to assess metaltrimer interactions for M 0 = Al, Au, Cu, La, Ni, Pd, Pt, Ru, Ni. All of these metals are currently used as electrodes in electronic devices. 19 Modeling the interactions of atoms with semiconductors is an important first step in modeling full electrode metal surfaces because in a device there is the possibility of diffusion of metal atoms from the slab into the semiconductor layer causing instability and inferior device performance. Stability of the device is very important and can be modeled partly by studying the metal atom interactions with the semiconductor, as we have done in this article. Also, molecular calculations can help us better understand the type of bonding interactions that lead to charge transfer between interfaces.
' COMPUTATIONAL METHODOLOGY Geometry optimizations and single point calculations of cyclo-[Au(μ-Pz)] 3 trimer and metal (M 0 )-trimer complexes are performed using the Gaussian09 program. 22 Molecular DFT calculations are carried out with the B3LYP hybrid functional [23] [24] [25] in conjunction with the CEP-31G(d) pseudopotential basis set, [26] [27] [28] where (d) signifies addition of a d-polarization function to main group elements. No imaginary frequencies are observed for the optimized structures, as confirmed by calculation of the energy Hessian. Also the spin contamination (AES**2ae value) for the calculations is negligible (<1% deviation) for all of the structures.
The B3LYP functional and basis set have been proven to be valuable for studying metallocyclic trimer compounds in many earlier studies and the geometries and energies correlate well with the experimental results. 7, 16, 29 In addition, we also compared the geometries obtained from B3LYP with the B3PW91 30, 31 hybrid functional (results not presented in the article) using the same basis set, which gave similar geometries for coinage metal-trimer complexes. In light of the study of Buhl et al. on the geometries of transition metal complexes with different DFT functionals, [32] [33] [34] we selected the B3LYP functional for the current study.
Molecular orbital occupancies and atomic charges are obtained by performing a natural population analysis (NPA) 35,36 within the Gaussian suite of programs. The results from Gaussian-DFT calculations are utilized to plot the density of states (DOS) by expanding the atomic orbital occupancies using a Gaussian expansion scheme within the AOMix program.
37, 38 The full width at half-maximum (fwhm) value used in the Gaussian expansion scheme is 0.5 eV.
' RESULTS AND DISCUSSION 3 ) structures that highlight the π-acid/base nature of these trimers. 17 The former choice allows us to delineate metal/Au from organic/Pz binding preferences, and is a necessary precursor to research on cyclo-[M(μ-L)] 3 ) bound to various electrode metal surfaces.
One may expect that the metal atoms (M 0 ) used in the study may replace Au from the trimer (T) skeleton and this could affect the stability of the T species for device applications. However, the experimental literature 39 and expansion thereof to generalize the phenomenon, 40 show that mixing of other metals like Ag, Tl, Na, Li, and so forth with cyclo-[Au(μ-L)] 3 complexes attains π-complexes (as calculated here) rather than displacing one of the ring atoms. Furthermore, preliminary data by our device collaborators 41 show that thermal deposition or solution casting of thin films of gold trimers on various metal cathodes retains the 
The quantities E L and E M denote the total energies of metaltrimer complexes ( Table 1 . The most stable site for Al, Au, Cu, Ni, Pt, Ru is the metal site, as seen in Table 1 . For La, Ti, the preferred binding site is the ligand site of the gold(I)-pyrazolate trimer; E stability = -0.39 and -0.70 eV, respectively. Interestingly, Pd has equal stability at both M 0 L and M 0 M sites, which is evidenced by E stability = 0 eV.
i. Reoganization Energies Upon M 0 Coordination. Geometric distortion of the trimer (T) upon M 0 adsorption with respect to the original ground state geometry of the M 0 -free trimer is determined to give relaxation/reorganization (RO) energies [E(T) RO ]. 42 EðTÞ RO ¼ EðTÞ unrelaxed -EðTÞ relaxed ð2Þ
The quantity E(T) unrelaxed is the energy of the unrelaxed Au trimer at the M 0 -adsorbed geometry, E(T) relaxed is the energy of the fully geometry optimized Au trimer in isolation. It is important to have low RO energies for better performance of a device, as large reorganization energies will retard efficient electron transfer in a device. 42 All RO values are obtained from eq 2 and are very low, <0.1 eV (2 kcal/mol). Moreover, one expects an isolated metal atom to be more chemically reactive than a metal surface and thus the reorganization energies are likely to be even less for deposition of a cyclo-trimer on to an electrode metal surface. Hence, the simulations suggest that electron transfer will be not be impeded by large structural reorganization of the conductor and should be efficient from the drain/source metals studied here to these p-type gold cyclo-trimer materials. One exception is calcium, which is a very low work function metal. Attempts to geometry optimize Ca-T adducts lead to degradation of the organic ligand (data not shown), which suggests that electron transfer and interface stability would be compromised between calcium and this p-type organometallic.
ii. M 0 Binding Energies. The binding energy of the metal atom on the gold trimer is calculated as the difference in total energy between the optimized metal-trimer (M 0 -T) complex and the sum of energies of the isolated optimized trimer (T) and metal atom (M 0 ). This energy is also called the metal adsorption energy.
E bind is the binding energy of metal atom on the Au trimer and Table 2 , of the electrode metal atoms to these p-type gold trimers and thus that they will form a stable interface with minimal diffusion.
B) Geometric Properties. For efficient performance of an electronic device, it is important for the different materials in the device to remain stable and be chemically compatible. Additionally, diffusion of one material to another, due to differences in chemical potential, is a common mechanism of failure in an electronic device. [43] [44] [45] [46] One way to judge the stability of a chemical system is by comparing the geometric changes in the system upon a chemical interaction. Trinuclear gold pyrazolate trimer is a nearly planar molecule, with average intramolecular Au-Au distances ranging from 3.2-3.4 Å , 45 which indicate the Au-Au interactions being in the aurophilic regime. Calculated Au-Au distances in the geometry optimized gold pyrazolate trimer studied here is 3.44 Å, in good agreement with the experimental estimates.
We have analyzed the bond distances and bond angles for the gold trimer and each metal (M 0 )-trimer complex. Important bond distances are listed in Tables 2 and 3 . The geometry of the Au trimer remains roughly unchanged for metals that are bound to the gold atoms (M 0 M site). For example, the intramolecular a The bond numbering is given according to part a of Figure 2 . σ is the standard deviation.
The Journal of Physical Chemistry C ARTICLE Au-Au distances in all M 0 -T complexes with M 0 M coordination did not change significantly (maximum difference = 0.03 Å or less than 1%) with respect to the parent structure cyclo-[Au(μ-Pz)] 3 . The shortest M 0 -Au distance is seen for Ni (2.78 Å), whereas the longest is for Ru (3.07 Å), and roughly paralleling the size of the electrode metal atoms. Also, note from Table 2 that all three M 0 -Au distances are equivalent or nearly so, supporting the contention that metal binding occurs in a π-acid/base fashion as opposed to a π/Lewis fashion.
Comparing our theoretical results for optimized M 0 -Au bond lengths with their respective covalent (Cov.) radii and experimental (Expt.) bond distance estimates (from the Cambridge Crystallographic Data Centre, (CCDC) database), 47 is revealing with respect to the nature of the M 0 -Au interaction, Table 3 . The two coinage metals modeled -Au, Cu -bind to the M 0 M site at distances close to covalent bond estimates. However, earlier (Group 8 and 10) transition metals Ni, Pd, Pt, and Ru bind at Au-M 0 distances that are longer than covalent bond estimates, and hence lie toward the weaker van der Waals regime.
However, when metals are bound to the ligand (M 0 L ) site, the Au trimer structure changes more noticeably (Table 4) The Journal of Physical Chemistry C ARTICLE however not seen for ligand bound Pd-trimer complex. In light of the overall low geometric reorganization, and strong interactions between the metal atoms and the trimer, the possibility of diffusion of metal atoms through the interfaces upon differences in chemical potential would be less and this phenomenon is important for a stable device performance.
43-45
C) Electronic Properties. For investigation of the electronic structures of metal-trimer complexes, we plotted the HOMO-LUMO energies and the atomic density of states (DOS) of all of the complexes have been analyzed. The HOMO-LUMO gap for the gold trimer is about 5.6 eV. Although this gap is large (and likely overestimated by these hybrid DFT calculations), electron donating substituents on the pyrazolate ligand reduce the HOMO-LUMO gap and make the trimer a conductor. 16 Here, our primary concern is the change in electronic properties of the prototype structure of cyclo-[Au(μ-Pz)] 3 upon the coordination of typical electrode metals, M 0 . Figure 3 The reduction in HOMO-LUMO gap is a result of both lowering the LUMO energy and raising the HOMO energy. As such, this suggests extensive Au-M 0 hybridization (see also corroborating DOS data below). Hence, the calculations predict that deposition of the trimer, T, onto an electrode metal M 0 will maintain if not improve conductivity properties across the electrode/conductor interface.
We also examined other electronic properties, namely charge transfer (CT) and dipole moment data for the Au trimer versus the M 0 -T complexes. CT was assessed using both Mulliken and Natural Population Analysis. Examination of all CT and dipole moment data did not reveal any obvious trend in terms of the binding preference of the electrode metal, M 0 , to either the metal or ligand sites of the gold trimer.
The orbital contributions or partial density of states (pDOS) of the trimer by itself and metal (M 0 ) projections to the total DOS (tDOS) of metal-trimer complexes are shown in Figure 4 E is the energy at each state, ε i is the one electron energy level, and δ is the Gaussian expansion function. Partial densities of states (pDOS) for fragments (group of atoms or orbitals) are determined using the Mulliken population analysis (MPA) scheme.
C A,i is the one-electron character of any fragment A at energy ε i . The DOS plots gives an indication of which electrons hybridize in the metal trimer interaction and also helps in understanding the conduction or flow of charge near the metal-trimer interface. Figure 4 shows the DOS plot of cyclo-[Au(μ-Pz)] 3 along with projections for the gold 6s, 6p, 5d, and ligand orbitals. The HOMO and LUMO are at -6.47 eV and -0.83 eV respectively, yielding a 5.64 eV HOMO-LUMO gap. The pDOS projections clearly indicate that pyrazolate ligands (blue line in Figure 4 ) are major contributors in both the HOMO (valence) and LUMO (conduction) orbitals. Also, the valence band has considerable gold 5d orbital character (red line in Figure 4) with some s and p character. The above interpretation is consistent with previous studies of similar coinage metal materials. Examining individual DOS plots of M 0 -T complexes gives an overview of how different metals contribute to tDOS. We focus our discussion mostly to the frontier/Fermi level orbitals in the vicinity of the HOMO and LUMO (ca. -8 to 1 eV energy), which would be responsible for most chemical reactions and charge transport. The pDOS plot of Al-T complex shows equal contributions from Al and trimer to the HOMO, whereas the trimer orbitals dominate the LUMO. In the Au-T complex, the contribution of the bound gold atom is roughly the same in the valence and conduction bands, but remains less than the contribution of orbitals from the trimer. The Cu character in Cu-T complex is similar to that of gold in Au-T. The pDOS plots show considerable orbital mixing at the top of the valence band, but the Cu character is less in the conduction band, as seen in Figure 5 .
For the La-T complex (recall La binds to the L site), the La contribution to the HOMO is prominent but orbitals below the HOMO have very low or no contribution from La. Unlike the coinage metals just discussed, the La character is high in the LUMO and the orbitals beyond. The DOS plot of Ti-T complex (recall that Ti binds to the L site), Figure 5 , is similar to that of La-T complex, where Ti character is less in orbitals below HOMO and more in orbitals above the LUMO. The trimer contribution to HOMO and LUMO orbitals is negligible indicating that HOMO and LUMO orbitals in Ti-T complex are solely from Ti metal atom.
The pDOS plots of the Ni-T complex shows ample mixing of metal atom and trimer orbitals, Figure 5 , within the range considered which is apparent from the Ni character in the DOS. Pt-T and Ru-T complexes are similar to Ni-T complexes where notable mixing of orbitals is seen and there is metal In conclusion, modeling the effect of electrode metal atom deposition onto a p-type gold trimer is important to understand the impact of metal-trimer chemistry upon the electronic properties of cyclo-Au(μ-L)] 3 . 7, 11, 12 Deposition of metal source and drain electrodes on the organometallic semiconductor during device fabrication is critical for stable device performance. Metal binding characteristics, as well as geometric and electronic properties, play an important role in minimizing impurity scattering within the device. Efficient charge transport across the metal-trimer interface is also critical as researchers seek to go from molecular level control of properties to real-world device fabrication perspectives. The present simulations indicate minimal reorganization, both in terms of the energies and geometries, upon metal/trimer interaction. The substantial binding energies of the electrode metal atoms to the p-type trimer, significant hybridization of the metal and trimer orbitals near the Fermi level, and large changes in the HOMO-LUMO gaps upon metal deposition all suggest a stable interface for these metal-based MOFETs, with efficient charge transport, for both high and low work function metals. ' REFERENCES
